Dynamic Vibration Analysis and Tribological Study of Mechanical Heat Generation Inside the Superconducting Coil
for Maglev
Introduction
In the JR MAGLEV system, trains are operated by the electrodynamic force between ground coils and on-board superconducting magnets (SCMs). When a train runs, SCMs are vibrated by the electromagnetic disturbance which occurs when the train passes over ground coils. This phenomenon generates a heat load in the SCM cryogenic equipment. The frequency of vibration increases from 0 to 309 Hz corresponding to the vehicle speed of 0 to 500 km/h. In this MAGLEV system, helium is re-liquefied from evaporated refrigerant by an on-board helium refrigeration system. The power of 1 000 watt is necessary to re-liquefy the amount of helium that is evaporated by the heat load of 1 watt at 4 K (1) . Therefore, decrease of heat load at 4 K is a very important factor for the development of JR MAGLEV.
The dynamic heat load in the SCM can be divided into two components; an electromagnetic loss and a mechanical loss (2) . The electromagnetic loss is caused by the eddy current which is induced on the surface of inner vessel. This problem was solved by adjusting electrical resistivity of the inner vessel surface and a radiation shield plate (3) . The mechanical loss is classified into two. One is that at the SC-coil and the other that at other parts such as liquid helium tank and liquid helium transfer piping that connects the tank and the inner vessels. The mechanical loss inside the SC-coil-installed inner vessel has been considered as a major cause to increase the mechanical dynamic heat load in the SCM (3) - (5) . A heat load at 4 K was ordinarily measured as the helium evaporation from the 4 K cryostat. There was no difference in the vibration dependence of the increase in the helium evaporation between energized and de-energized states in vibration tests (5) . In the development of JR MAGLEV system, the mechanical loss inside the inner vessel has been evaluated by the vibration test results of the SC-coil which loaded with a purely mechanical lateral force by using a hydraulic servo actuator (1) , (2) . The eigen-vibration modes of the SC-coil which involve elastic deformation such as bending or twisting were strongly related to the increases in the mechanical heat generation in lateral vibration (2) . Therefore, SC-coil deformation caused by vibration is applied to the evaluation of the amount of mechanical heat generation. One example is shown in Ref. (6) . The SC-coil deformation expressed by the eigen-vibration modes of bending or twisting is obtained by summing up the amplitudes at the typical spots on the circumference of the SC-coil. It has been surmised that the mechanical heat generation inside the inner vessel is occurred by the friction caused by the relative microscopic slips between the SC-coil and coil fasteners (5) . However, the mechanism of heat generation has not been studied sufficiently and needs to be investigated further.
Purpose of This Study and a Method of Approach
The first approach of this study is to investigate the correlation between SC-coil vibration and increment of heat load. SC-coil vibration tests and an FEM analysis were performed to study the relation between SC-coil vibration and mechanical heat generation.
The second approach is a fretting test to evaluate the frictional heat which is generated between the SC-coil structural components. The fretting test was performed by immersing SC-coil samples in liquid helium.
Dynamic Vibration Analysis
In this study, test results were progressively evaluated to find the heat generation area inside the inner vessel. Two types of SC-coil vibration tests under different conditions were performed to investigate the correlation between SC-coil vibration and mechanical heat generation. One was a vertical SC-coil vibration test in the rigid body vibration mode and the other was a lateral SC-coil vibration test in the eigen-mode of SC-coil twisting which involved elastic deformation.
1 Results of SC-coil vibration test
A mechanical vibration test for the SC-coil-installed inner vessel was performed under several fixing conditions.
There are no conspicuous SC-coil deformation in the vertical vibration mode. The relation between vertical SC-coil vibration and the increment of heat load was evaluated from the standpoint of SC-coil vertical load which was input from support columns. A weighted-frequency total load (FTL) on the SC-coil was used for evaluation. FTL was defined by using the Eq. (1) at the maximum vertical SC-coil displacement with the evaluating points on a SC-coil shown in Fig. 1 .
FTL : Weighted Frequency Total Load a i : Vertical vibration amplitude at the support column k i : Vertial spring constant of the support column ω : Angular velocity Figure 2 shows the FTL dependence of the increment of heat load for whole fixed support columns and under the condition that support columns were partly removed in vertical SC-coil vibration tests. There was almost the same tendency between the FTL and the mechanical loss for various SC-coil supporting conditions. The mechanical loss increased according to the square of FTL. This result suggests that the increment of heat load (= mechanical loss) was generated from the load transmitted from support columns to the SC-coil.
Lateral vibration test results for the SC-coil-installed inner vessel under the eigen-mode of SC-coil twisting are compared between the two supporting conditions in Fig. 3 . To laterally connect the inner and outer vessels of the SCM of the Yamanashi test vehicle, eight supporting columns are used, four each arranged inside and outside the race-track-shaped SC-coil, of which only outside or inside columns were used in the lateral vibration test, to evaluate the relation between elastic deformation of SC-coil and heat generation under different SC-coil fixing conditions. The abscissa indicates the averaged twisting velocity (ATV) obtained by the sum of the amplitudes at typical spots on the circumference of the SC-coil. ATV was defined as the index of elastic twisting of SC-coil by using the Eq. (2). Evaluating points on the SC-coil for ATV calculation are shown in Fig. 4 . The evaluating points of ATV consist of apexes of a rectangular whose height and length are about 0.6 m and 0.5 m, respectively, on the straight parts of the race-track-shaped SC-coil.
ATV : Averaged twisting velocity l i : Lateral vibration amplitude at the evaluation points ω : Angular velocity The mechanical loss increased according to ATV linearly. The sensitivity of heat generation to the SC-coil twisting with outside-supports is larger than that with inside-supports when compared at the same twisting de- 
2 Discussions of the heat generation area
It is assumed in discussions that the mechanical heat generation inside the inner vessel is occurred by the friction between the SC-coil and coil fasteners. The heat generating area inside the inner vessel was found on the assumption that the calculated stress at junctions between the SC-coil and coil fasteners shows the level of frictional microscopic slips that were generated by the relative force between the SC-coil and coil fasteners.
A static structural analysis of FEM including the ver- tical acceleration of rigid body vibration was performed to find the heat generating area inside the inner vessel (7) . This analysis corresponds to a vertical SC-coil vibration test. The FEM analysis model consisted of an inner vessel, the SC-coil and coil fasteners under rigid connection. The support columns of the SC-coil were substituted with three-dimensional spring elements which have the measured stiffness. The equivalent stress was used to evaluate the frictional force, for the reason that the boundary condition of the microscopic slips has not been clarified.
Examples of SC-coil stress distributions for various SC-coil support conditions are shown in Fig. 5 . An analysis result suggests that the frictional heat occurs in the surrounding area of the support columns. The validity of the SC-coil stress distribution analysis to estimate the heat generating area was examined by comparing the analysis and vertical SC-coil vibration test results between the standard and additionally reinforced inner vessels (7) . An additional plate was prepared to reinforce the inner vessel based on the result of stress distribution analysis, and the reduction of heat generation was examined by performing a vertical SC-coil vibration test. The results of examination prove the validity of the SC-coil stress distribution analysis.
A dynamic structural analysis of FEM was performed under two fixing conditions which correspond to the lateral vibration test. In the analysis results, distributions of shear stress were almost the same between these two fixed conditions. However, the difference of stress distribution was found in the tangential stress between the outside and inside support-fixed conditions. Figure 6 shows a comparison of analysis results between two fixing conditions under the same ATV of outside and inside support-fixing conditions. ATV corresponds to about 0.25 m/s when the SC-coil vibrated at 200 Hz. With inside-supports, the tangential stress at arcs was larger than that at other parts of the SC-coil. On the other hand, the tangential stress had peaks at the joints of straight and curved parts when the SC-coil was fixed with outside-supports. These stresses were generated by the local bending of the SC-coil. These results suggest that the frictional heat occurs in the areas where the greatest degree of bending is observed in the eigen-mode of SC-coil twisting.
Tribological Study
A tribological test was performed by immersing SC-coil samples in liquid helium to evaluate the frictional heat which was generated between SC-coil structural components. Tribological studies on structural materials of SC-coil immersed in liquid helium reported about frictional properties in superconducting magnet winding, and the stability of large superconducting magnet (8) , (9) . In these studies, however, samples were slid for a unidirectional or large sliding distance, or at a low sliding velocity. In contrast, sliding amplitudes of 10 to 30 microns at the frequency of 100 to 300 Hz were applied in this study to obtain fretting properties at the boundary between superconducting coil structural components. Figure 7 shows the experimental rig. In our fretting test, reciprocating slides were provided between the fixed and vibrating specimens with the maximum peak-to-peak amplitude less than 30 microns by a vibration generator. Specimens were vibrated up to the frequency of 300 Hz. As the condition of sliding amplitude, an assumed value between structural components of SC-coil which was obtained by an SC-coil vibration test (5) was adopted. Accelerometers were mounted on the bottom of fixed and vibration rods, and a load cell was installed between the vibration rod and the vibration generator. The contact surfaces on both ends of the vibrating specimen were curved at a radius of 30 mm. The contact surfaces of the fixed specimens were flat. The load applied to the specimen contact was set at 50 N.
1 Details of experiments
The SC-coil-installed inner vessel which consists of the SC-coil, the coil fastener, an intermediate spacer and the inner vessel has three boundaries. The boundary between the epoxy-impregnated SC-coil and the intermediate spacer was simulated with polymer (poly- Fig. 7 Schematic diagram of experimental rig for fretting tests imide tape) and copper. The boundary between the intermediate spacer and the coil fastener was simulated with copper and stainless steel (SUS). The boundary between the coil fastener and the inner vessel was simulated with SUS and SUS.
Displacements of fixed and vibration rods were calculated from the accelerometer output by double integration. The relative displacement hereafter is the difference in between. The tangential force which acted on frictional surfaces between fixed and vibrating specimens was calculated by subtracting the inertia of the vibration rod from the load cell output.
The amount of helium gas evaporation from the Dewar vessel was measured by using a mass flowmeter during vibration. Heat generation caused by vibration was indicated by the increase in the volume of helium evaporation when a specimen was vibrated.
2 Results of fretting test at liquid-helium-cooled boundaries
Fretting phenomena can be classified as those in the stick region, stick-slip (partial slip) region and gross slip region. The results of our fretting test were evaluated in the stick and stick-slip regions by the tangential force versus displacement curve (hysteresis curve). Figure 8 shows typical hysteresis curves obtained by 200 Hz fretting for polyimide versus copper. These curves were classified into the stick and stick-slip regions. Factors that cause the difference between the two fretting regions was not clarified in our experiment. In the fretting test for polyimide versus copper, the stick and stick-slip regions were confirmed. In contrast, the stick-slip region was not found in the fretting for stainless steel (SUS) versus SUS. On the other hand, stick-slip occasionally occurred in the fretting for SUS versus copper. Accordingly, it is considered that the fretting state of SUS to copper is possibly positioned in an intermediate state between the fretting for polyimide versus copper and that for SUS versus SUS. In this study, fretting in the stick region was evaluated. Figure 9 indicates the correlation between amplitude of relative displacement and coefficient of tangential force in the stick region. The coefficient of tangential force is calculated from its peak-to-peak amplitude and the normal force by using the Eq. (3).
µ : Coefficient of tangential force F t : Peak-to-peak amplitude of tangential force (N) F n : Normal force (N) n : Number of frictional couplings = 2 In the stick region, the correlation between amplitude of relative displacement and coefficient of tangential force does not depend on frequency. This result had the same tendency as that of the test result which was obtained by unidirectional sliding at the frictional velocity of 3 × 10 −7 to 1.5 × 10 −1 m/s (9) . The differences in frictional materials tended to become larger as the amplitude of relative displacement increased as shown in Fig. 9 . Figure 10 indicates the correlation between amplitude of relative displacement and heat generation in the stick region. The amount of heat generation caused by the fretting for stainless steel (SUS) versus SUS (SUS-SUS) or copper versus SUS (Cu-SUS) was almost nil. However, that for polyimide versus copper (Poly.-Cu) increased when the amplitude of relative displacement was over 10 microns. Especially for 150 Hz fretting of polyimide versus copper, it is confirmed that the amount of heat generation caused by the fretting increased as the amplitude of relative displacement increased when the amplitude of relative displacement was over 10 microns.
3 Discussion of frictional heat generation
Frictional properties of the contact area for a metal versus another metal fretting and polyimide versus copper fretting were considered by Mindlin's theoretical equations (10) with Hertz's contact radius (11) . In the fretting of a metal and another metal, the frictional coefficient at the contact area was thought to be over 20 times that in the fretting of polyimide versus copper under the same normal force-added condition. In our test results, however, the coefficient of tangential force for a metal versus another metal fretting was only 1.5 times that of polyimide versus copper fretting. The difference between calcula- Figure 11 shows the frictional properties at the contact areas for metal versus metal and polyimide versus copper frettings which were considered from the correlation between test results and calculated frictional coefficient. From this consideration, it is possible that specimens slip relatively in the fretting of polyimide versus copper. In contrast, this is not the case in the fretting of a metal versus another metal.
Fretting test results and consideration of fretting properties suggest that the mechanical heat generation inside the SC-coil-installed inner vessel has occurred at the boundary between epoxy-impregnated SC-coil and coil fastener.
Conclusions
In this study, the mechanical heat generation inside the SC-coil-installed inner vessel was investigated by dynamic vibration analysis and tribological experiments.
In the dynamic vibration analysis, SC-coil vibration tests and SC-coil stress distribution analysis were performed to evaluate the relation between SC-coil vibration and mechanical heat generation. The SC-coil stress distribution analysis was based on an assumption that the mechanical heat generation is occurred by the friction caused by the relative microscopic slips between the SC-coil and coil fasteners. The analysis results suggest that the frictional heat occurs in the surrounding area of the support columns in the rigid body vibration mode and in the areas where the greatest degree of bending is observed in the eigen-mode of SC-coil twisting.
In the tribological experiment, fretting tests were performed by immersing SC-coil samples in liquid helium to evaluate the frictional properties of SC-coil structural components. The test results demonstrated a high possibility that the mechanical loss inside the SC-coil-installed inner vessel had occurred at the boundary between the epoxy-impregnated SC-coil and coil fasteners.
